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Abstract 
The vehicles in the condition of car-following perform different features comparing their motion in free traffic, and the 
discrepancy reflect driving style, which serves as important part of uncertainly of traffic. Several phenomena and driving 
characteristics, such as hysteresis in velocity-spacing curve, were found and utilized to improve the understanding of driving and 
some other safety study. Here we show that the hysteresis phenomenon is discrepant between drivers in stop-and-go waves (a 
special case of car-following which is relative stable), and the diversity which indicates driver style (such as aggressive and timid) 
is quantified using some low order car-following models. By calculating driving characteristics and examining the trajectory data 
in NGSim dataset, we demonstrated the safe distance – which was usually considered adiabatically on velocity – was 
significantly affected by driving characteristics. We further analyzed statistical properties of driving characteristics in NGSim 
data, and on eventual we provided a classification method to evaluate security of car-following behavior and to adjust the safe 
distance for different drivers. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Department of Transportation Engineering, Beijing Institute of Technology. 
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1. Main text  
Researchers found that collision probability and severity wa significantly affected by traffic environment (which 
was usually divided as free flow, jam and critical state). In critical state, relatively high traffic flow and variant 
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phenomenon such as oscillation and hysteresis increased instability and have higher probability of accident 
comparing with other states, and thus safety study about the critical state is a hot topic in recent decades. 
Some theories tried to explain the traf¿c oscillations formation and transfer in critical state (e.g., Tyler [1], Gipps 
[2]). Newell [3] provided a car-following model with delayed and the affection of vehicle gag described by 
Optimize the velocity function. According to the study of extending Newell’s car-following model, the traffic 
oscillations could be copied, generation, transfer and affection to the real traffic. It studied the traffic oscillations 
forming reason and got that the oscillations asymmetry was caused by the hysteresis of car-following, and simulated 
the different drivers’ hysteresis to construct the different jam waves in the macroscopic traffic. Another well-known 
asymmetric characteristic is so-called hysteresis observed in stop-and-go traf¿c. Laval et al. [4] consider drivers 
were used to having a larger headway when accelerating comparing to decelerating given the same speed in the 
hysteresis. Stop-and-go driving is a nuisance for motorists throughout the world. Not only does it increase fuel 
consumption and emissions, but it also imposes safety hazards. Unfortunately, our understanding of this type of 
oscillation in congested traf¿c is still limited. On the one hand, detailed vehicle-trajectory data are very scarce, and 
aggregated sensor data are often noisy and insuf¿cient. On the other hand, few attempts have been made to validate 
the oscillations predicted by existing traf¿c-flow models, which are often a result of mathematical curiosities rather 
than driving behavior (e.g., Chen et al. [5]). 
2. Dataset and error correction 
Vehicle trajectory data for this study came from consecutive experimental trajectories extracted from US 
Highway 101 (us-101). More than 30 studies have used NGSim data as their data source to support, calibrate, and 
validate their models (e.g., Przybyla et al. [6]). Although the NGSim data had an extensive use, few studies have 
examined issue of quality. The methodology was used in calculating speed and acceleration from the space 
trajectories, and how it reduced the error was unknown, an effort to reduce the errors noted by Punzo et al. [7]. For 
example, researchers use differentiated information from the location data instead of the velocity and acceleration 
data provided by NGSim. Additionally, researchers used ¿lters to smooth the speeds and accelerations with the 
consideration of no location data bias (e.g., Hamdar et al. [8], Thiemann et al. [9]). 
There would be inevitable errors in the speed and position got through video, and this study is about relative 
vehicle position and velocity. The filtering processing of US-101 is necessary. The aim of filtering processing 
mainly on 2 aspects: (1) Correct the velocity and position data that do not fit the kinematics. (2) Reasonably choose 
the filtering parameter to make the velocity changing curve smooth, remove the mutation data of velocity and 
position and reserve the data of driving intention. The Unscented Kalman Filter (UKF) was taken to deal with the 
dataset, compared and analyzed the filtering processing results. Finally chose the adaptive method as the dealing 
method. In addition, the video was caught with 8 cameras, there would be inevitable error in the adjacent video, as 
the shown in Fig. 1. (a). The first order difference could correct the obvious speed error, and calculate the position 
and accelerate value according to the corrected velocity value. 
  
Fig. 1. (a) First order difference correct the obvious speed error. 
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Fig. 1. (b) UKF filtering effect, state model covariance is 1. 
 
Fig. 2. (a) Relation between spacing and velocity. (b) Piecewise linear approximation to vehicle trajectories. (c) The method of calculated wave 
velocity w. 
Moreover, processing data by first order difference still had some random white noise which would affect 
judgment of driver attention. Therefore the UKF was taken to deal with the data.  
UKF used a deterministic sampling technique known as the unscented transform to pick a minimal set of sample 
points (called sigma points) around the mean. These sigma points were propagated through the non-linear functions, 
from which the mean and then covariance of the estimate were recovered. This technique removes the requirement 
to explicitly calculate Jacobians, for complex functions itself was a difficult task. The filter results as showed in Fig. 
1. (b). 
3. Calculation method of Newell response time and minimum car-following distance  
3.1. Newell mode 
Unlike the previous car-following model, Newell method supposes that the car-following condition is only 
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relevant with the lead vehicle, and the following vehicle headway. The velocity has simple linear relationship. As 
the Fig. 2(a) showed, the relation of car-following distance Sn and the following velocity Vn (V-S characteristic curve) 
would be shown by the formula below: the line slope is Ĳn , when the speed is 0, the corresponding car-following is 
dn. Ĳn represents response time. The duration is that vehicle n waits until it changes its speed in response to the 
leader’s change in speed, and dn represents the minimum spacing. Newell [10] further conjectured that (Ĳn , dn) vary 
between vehicles due to driver differences, but constant independent of speed for each driver. Then spacing of 
vehicle n, dn, solely depends on speed, v: 
n n nd v SW    (1) 
n n nd v SWc c    (2) 
As illustrated in Fig. 2. (b), when (n-1) vehicle velocity changed, the n vehicle speed would also change after 
time Ĳn , and then the car-following distance changed, but the Ĳn , dn were invariant. 
( ) ( )n n n-1 nx t + = x t - dW   (3) 
3.2. Calculation method of Ĳ and d 
Method of calculation wave speed w: 
Relations between stochastic Newell’s model with heterogeneous drivers and its associated macroscopic pattern 
were established. This proved that the mean jam spacing was the arithmetic mean of individual jam spacing whereas 
the mean wave speed was the harmonic mean of individual wave speeds. According to the Newell model, we found 
that during the car-following to each driver the response time Ĳ and minimum car-following distance d was 
invariable, which meant that the diagonal vector w was changeless. Let w denote the optimal shift between a vehicle 
and its leader. For any point A of the leader trajectory, one can draw a line of slope -w. This line intercepted the 
follower trajectory at point B (see Fig. 2. (c)). One can then calculate the coordinates of AB. These coordinates AB 
are constant regardless the leader speed only if it is equal to w. As stated by Chiabaut et al. [11] the response time 
and minimum car-following distance were component in the x, y direction, and researcher has: 
2 2
n n nw dW    (4) 
Linearization method: 
After linearized the pair of trajectories calculated by Newell formula., as Fig. 2(a) showedˈVn and Vn’ could 
represent follow velocity at different time, Sn and Sn’ is the corresponding distance value. Response time Ĳn and car-
follow distance dn represent straight line slope and intercept. In order to identify the useful sample points, Chen et al. 
[12] consider the proposed model must ¿rst identify the points at which the follower reacts to the leader’s action, in 
relation to time and space. This is a two-step process in which this researcher (1) build a piecewise linear 
approximation of the following vehicle trajectories, and (2) choose points from different section to make sure 
sample points are different from each other. 
Where: 
n*n d nV S SW     (5) 
n*n d nV S SWc c    (6) 
And then got the response time nW : 
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Then the car-follow distance: 
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It’s needed to note that the velocity difference value of fellow vehicle could not be too small; otherwise it 
would cause response time calculation error. In the actual operation, choose vehicle trajectory with obvious 
velocity variationˈ Vn’- Vn >5. 
Circulate different parameters and calculate the trajectory minimum error (S-T method) 
US101 dataset select the existing stop-and-go, and make sure there wasn’t change lane. Researcher found that 
the adjacent vehicle trajectories were similar, and the following vehicle trajectory would be got after changing the 
leader vehicle trajectory by the method as following: (1). Move down the minimum vehicle following distance dn. 
(2). Move right the response time Ĳn . Try to make different combination of dn , Ĳn and the combination with 
minimum error was the objective value, in this paper called this method S-T method.  
From the Fig. 4 and Table 1, Researcher can find that the difference of results with w and S-T method was small. 
For stop-and-go vehicles the separate section linear method would get bigger error. The method that calculates w 
could get instantaneous response time and minimum following distance for each data point, and that would be 
convenient for later correcting of the instantaneous response on the basis of traffic environment changing. 
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Fig. 3. (a) s-t method position error. (b) Different method result comparison. 
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Fig. 4. Contrast different method result with the real position error. 
4. Hysteresis phenomenon in car follow 
A mathematical model to explain the hysteresis phenomenon was proposed by Zhang [13]. He examined 
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speed-concentration relations in different phases. He observed that the relations during acceleration and deceleration 
were asymmetric, leading to hysteresis loops. He also cautioned that the data aggregation interval should be less 
than 30 s because the period of stop-and-go oscillations is about 1 min. Thus, aggregation beyond 30 s would mix 
acceleration and deceleration phases, which can distort hysteresis loops. Based on the observation, a mathematical 
model was developed to deduce hysteresis. 
In the presence of hysteresis, the velocity-spacing (V-S) relations would evolve clockwise, Ahn et al.’s research [14] 
indicating that a vehicle recovers its speed with larger spacing compared to the deceleration phase, as the Fig.5 
showed. So only on the basis of the response time and minimum distance to respond to the driver classification is 
not enough to the actual situation, need according to the different reactions of different drivers before and after the 
stop-and-go for further classification. 
Table 1. The results calculated by different method. 
 w method s-t method line method
Mean error 0.57 0.64 0.64 
Error Std 4.37 4.81 6.35 
Mean max error 13.07 13.37 18.41 
Max error 25.85 27.23 27.25 
 
Therefore, only on the basis of the response time and the minimum distance of each driver to classify is not 
sufficient to reflect the actual situation and the need for further classified according to the different drivers of 
different reactions before or after the stop-and-go. 
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Fig. 5. (a) Velocity-Spacing (V-S) relationship in the presence of hysteresis. (b) Comparison of hysteresis based on observed vs. Newell 
prediction. 
5. Driver character classification and analysis 
To develop a car-following model that has the capability to model human errors, a model that normally models 
car-following behavior is used as a template. Many of the current car-following models assume driving as a 
deterministic process (e.g., Nagel and Schreckengerg [15], Wagner and Lubashevsky [16]). In actual driving, 
however, humans do not behave deterministically and some randomness is always observed. 
According to calculation got the response time Ĳ and minimum safe distance d. Then a vehicle following driver 
character presort would be got. Because the result would be not satisfied by one parameter of response time or 
minimum safe distance, the presort finally were made by comprehensive consideration both of them. By observing 
the space-time diagram could find that, the driver with more response time and smaller safe distance is a risk to the 
lead and following vehicle, also brought great implication to the traffic move. In contrast, the driver with less 
response time and longer safe distance is sensitive to the risk and always under the safe driving environment.  
The method above made a simple classification. However, in V2V rapid development times, only classifying the 
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drivers as aggressive and timid is not enough, and these classifications could not reflect the driver character 
influence on other vehicles. After further study of the hysteresis, found that the driver V-S character has a regular 
variation before and after the velocity change of lead vehicle which was also the stop-and-go moments. Simply 
described this is the following distance of speeding up is longer than the one of slowing down. Different drivers 
had different behaviors in the hysteresis condition. The drivers who had the same response time and following 
distance before following would have different behaviors after a stop-and-go time, as the Fig 6. Then according 
to them took the further classification. How to describe the hysteresis by parameter? This study found that before 
and after stop-and-go, driver instantaneous response time is different, and during the process it has step transition. 
That means the arithmetic instantaneous response time could reflect the hysteresis behaviors in the time-domain.  
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Fig. 6. Example of the driver’s response time change before and after the stop-and-go. 
This article adopts the method of wave velocity (w) to calculate the response time of the vehicle, different 
from the S-T calculation method. This method can calculate instantaneous response time.  
Table 2. Preliminary classification base on wave velocity. 
Sample size  wave velocity w (feet) 
response time 
Ĳn  (sec) 
minimum distance 
dn (feet) 
Percent(%) 
Aggressive(27)
Mean 19.089 13.6275 12.421 
20% 
Std 3.403 3.786 4.752 
Timid(27) 
Mean 41.840 19.207 35.478 
20% 
Std 6.414 10.000 8.300 
Ordinary(79) 
Mean 28.323 15.013 22.931 
60% 
Std 3.123 5.838 5.224 
All(133) 
Mean 29.192 15.583 23.345 
-- 
Std 8.379 6.806 9.421 
 
According to different performance before and after the stop-and-go, the steps of driver classification are as 
follows: 
First of all, preliminary classify according to the driver's car-following characteristic parameters. (1) 
Aggressive drivers have less wave velocity w; (2) Conservative drivers have larger wave velocity w. 
Secondly, based on the variation of instantaneous response time ranges before and after the stop-and-go, the 
average response time is further calculated, and then calculate the difference between the mean response time of 
the entire process and instantaneous response time, the greater of the difference indicates that drivers before and 
after the stop-and-go vehicle characteristics changing more obvious. Since response time of some of the drivers is 
very small, when the hysteresis phenomenon significantly before and after stop-and-go, the calculated difference 
is not great, calculating the relative parameter to define the change in the response time to describe the hysteresis 
of different driver. 
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2 1-=
W WK
W
  (9) 
Ș is driver stability coefficient, W  is average response time, Ĳ1 is mean response time before stop-and-go, and Ĳ2 is 
mean response time after stop-and-go. The classification strategy is Fig. 7 showed. 
 
 
Fig. 7. The flow chart of classification strategy. 
2000 2050 2100 2150 2200 2250 2300 2350 2400 2450
10
15
20
25
time (*100ms)
R
es
po
ns
e 
tim
e 
Ĳ 
(*
10
0m
s)
vehicle: 834. Ĳ =1.62s. d=9.54feet
relative deviation: 0.372          
25 30 35 40 45 50 55 60 65 70
0
100
200
Velocity V (feet/s)
Sp
ac
in
g 
S 
(fe
et
)
instantaneous response time Ĳ 
600 700 800 900 1000 1100 1200 1300
4
6
8
10
12
time (*100ms)
R
es
po
ns
e 
tim
e 
Ĳ 
(*
10
0m
s)
vehicle: 280. Ĳ =0.77s. d=25.79feet 
relative deviation: 0.170          
0 10 20 30 40 50 60
0
100
200
Velocity V (feet/s)
Sp
ac
in
g 
S 
(fe
et
)
instantaneous response time Ĳ 
 
Fig. 8. (a) Aggressive and instable driver before and after stop-and-go. (b) Aggressive and stability driver before and after stop-and-go. 
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Fig. 8. (c) Conservative and instable driver before and after stop-and-go. (d) Conservative and stability driver before and after stop-and-go. 
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Table 3. Illustrate of us101 dataset driver classified. 
CarID Response time Mean variation Maximum deviation Relative deviation Driver judgment and classification 
232 1.62 0.45 0.70 0.28 Ordinary instable 
239 0.97 0.33 0.71 0.34 Aggressive and instable 
240 1.40 0.26 0.41 0.19 Ordinary stable 
241 0.66 0.22 0.42 0.33 Aggressive and instable 
271 1.98 0.65 1.34 0.32 Ordinary instable 
280 0.77 0.13 0.30 0.17 Aggressive and stable 
282 1.10 0.63 1.20 0.58 Ordinary instable 
298 2.99 1.84 2.82 0.60 Conservative and instable 
302 0.94 0.19 0.50 0.20 Aggressive and stable 
322 1.61 0.30 0.88 0.18 Conservative and stable 
458 2.42 1.09 2.60 0.44 Conservative and instable 
 
834 vehicle in Fig. 8(a), the response time is 1.62s, with minimum distance 9.54 feet, the curve of the 
instantaneous response time has a ladder shape changes, changing from average of 1.38 before the stop-and-go to 
1.97 after the stop-and-go, and stability coefficient Ș is 0.372, so, the driver features obvious change before and 
after the stop-and-go, classified as aggressive and instability driver. 
280 vehicle in Fig. 8(b), the response time is 0.77 s, with minimum distance 25.8 feet, the range of the 
instantaneous response time curve is within 0.3s, and stability coefficient Ș is 0.170, therefore, the driver features 
change small before and after the stop-and-go, classified as aggressive and stability driver. 
In Fig. 8(c), the response time of 298 vehicle is 2.99 s, with minimum distance 15.9 feet, the curve of the 
instantaneous response time has a ladder shape changes, and stability coefficient Ș is 0.602, this driver features 
obvious change before and after the stop-and-go, classified as conservative and instable driver. 
In Fig. 8(d), the response time of 298 vehicle is 2.99 s, with minimum distance 15.9 feet, the curve of the 
instantaneous response time has a ladder shape changes, and stability coefficient Ș is 0.602, this driver features 
obvious change before and after the stop-and-go, classified as conservative and instability driver. 
6. Conclusion 
This paper studied driver characteristics in congested freeway traf¿c as vehicles undergoes stop-and-go 
oscillations. By using NGSim trajectory data from us101, analyzed the error of data, and then took two Kalman 
filter methods handling the noise in velocity and position values, and compared and analyzed the applicability of 
several Newell calculation methods, the velocity w is more applicable to the drivers who had a lot of variable 
characteristics. According to the results of response time, made a pre-classification of driving behavior, which 
were slow response associated with less vehicle-following distance (slow and dangerous) and fast response 
associated with longer vehicle-following distance (caution and safety); In addition, the hysteresis in the car stop-
and-go environment brought interference for the results of driver classification. By us101 data analysis found that 
different drivers had different hysteresis. So different parameters were used to describe the hysteresis, then 
reclassified drivers. Divers with slow response and less vehicle following distance were found had high 
probability of hysteresis. Subdivided this driver type, the following results were found: The driver with more 
response time and smaller safe distance is a risk to the lead and following vehicle, also brought great implication 
to the traffic move. In contrast, the driver with less response time and longer safe distance is sensitive to the risk 
and always under the safe driving environment. These drivers with bigger hysteresis parameters could be 
determined into the driver instability and dangerous drivers. Drivers with smaller hysteresis parameter were put 
into the driving habits steady but slow response (not dangerous) classification. The response time reduced, the 
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driver hysteresis parameter became smaller and smaller, and driver got more stable driving behavior. 
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